In this study we examined the cause of unusually intense signals obtained in immune cells by in situ hybridization histochemistry using %-labeled oligonucleotides. We verified that the phenomenon is an amplification of a specific signal due to a series of chemical interactions &er the probe binds to a specific mRNA in the tissue. The presence of oxidative enzymes in the tissue seems to be neassaty for this reaction to m r . Therefore, most cells of the immune system (e.g., maaophages, neutrophil and eosinophil leukocytes), being rich in oxidative enzymes, will show some Sig-1277
Introduction
We have recently reported the presence of several receptor mRNA species in a subset of immune cells in rat gastrointestinal tract. The character of the cells that hybridized to these probes was determined by using immunocytochemistry with antibody-specific markers specific for immune cell markers (1). In the above study we performed several controls to ensure specific labeling. We used two or three unique oligonucleotide probes to identify the same mRNA species. We used sense probes for two different mRNA species as well as probes for several other receptors and peptides that resulted in no specific labeling in lamina propria cells. We have used some of the probes with Northem blot analysis to identlfy specific bands of appropriate size. On the basis of these data, we concluded that the signal was specific for each of these different "As.
However, we noted that the intensity of labeling obtained with the 35S-labeled oligonucleotide probes was much greater than any we had previously observed. When we routinely perform in situ hybridization histochemistry (ISHH), we can visualize labeling for mRNAs of average abundance in 2-4 days' exposure on X-ray film and 2-4 weeks under photographic emulsion. In the case of the lamina propria cells these times were 2-8 hr and 1-2 days, respec- tively. Since the publication of our report (I), we have been contacted by many investigators who have experienced difficulties in using 35S-tailed probes to study immune cells (2). These investigators found that some but not all sense probes gave signals and that the signals obtained with specific probes were also far greater than those obtained with other labeling techniques. We have also noted in subsequent experiments that certain sense probes give a positive signal in the immune cells. However, we have also observed exclusive labeling of epithelial cells but not immune cells using probes for the H' pump and for somatostatin (Figures 1 and 2 
and these signals are of the intensity we routinely experience in non-immune cells. One report showed that nonspecific binding of DNA probes to eosinophils occurs and can be prevented by pretreating the sections with carbo1 chromotrop-2R (3). These data indicate a potential problem when 35S-tailed probes are used for localization of mRNAs in immune cells.
We have examined the basis for the unusually strong labeling of immune cells with 35S-tailed probes. We have verified our previous results on the distribution of receptor mRNAs in gastrointestinal sections using ribonucleic acid probes for several mRNAs. Here we report that the strong signal for the H2 histamine receptor represents an amplification of specific hybridization to mRNA which is probably due to sulfhydryl coordination by cobalt in + 2 or higher oxidation states. Furthermore, we suggest two ways to avoid the problem of amplification. 
Materials and Methods
Tissue Preparation. Adult male Sprague-Dawley rats (200 g body weight) were used for the studies. The rats were decapitated or anesthesized and subjected to transcardiac perfusion with 200 ml of 4% buffered (pH 7.4) formaldehyde. Stomach, upper portions of the duodenum, and the lower gut were removed and frozen on dry ice. Twelve-wm thick longitudinal sections were cut and ISHH was performed as described prwiously (4). Bridly, the sections were fixed. dehydrated in ethanol and chloroform, and the hybridization buffer with the probes was put on the sections. The slides were incubated overnight at 37'C in a humidified chamber and washed the next day. The slides were apposed to X-ray film and subsequently dipped in Kodak " I B 3 emulsion for 1-14 days, developed, stained with toluidine blue (1%) or Wright staining, and coverslipped. The results were cxamined with a Leitz Dialux 20 microscope.
Preparation of Probes. Synthetic oligonucleotides were prepared using an Applied Biosystems DNA synthesizer and were purified on a polyacrylamide gel. The probes used were complementary to the following mRNA nucleotide sequences: H2. 645-692 and 936-983 (5); SS, 119-166 (6); proton pump, 30-77 and 315-362 (7).
The oligonucleotides were labeled using terminal vansfcrasc (Boehringcr. Mannheim, Germany) and ['%]-dATP ("EN Boston, MA) as described previously (4). Two series of sections were hybridized.
The first groups of sections were treated as follows: We have 1. Added 20 pCi free [''Sl-dATP to the hybridization buffer (HB) (chis results in lo6 cpmlsection. the activity that we regularly use). 2. Used the same oligonucleotide labeled for different lengths of time (1, 3, 5, and 10 min) to produce different length A-tails. 3. Treated smions with RNAse before hybridization (200 mglml RNAse A in 10 mM Tris-HCI, pH 8, with 0.5 M NaCl for 60 min at 37'C). RNA from stomach tissue was hybridized to the same H2 receptor oligonucleotide probe labeled with 32P. The probe hybridized to a single band of about 1.9 KB. the size of the cloned rat HZ receptor mRNA (5); (d) preliminary experiments using cRNA probes to detect the H2 receptor " A in the rat stomach showed signal in lamina propria cells with the anti-sense probe. whereas the sense probe gave no signal. For these studies a 252-base ribonucleic acid probe was used spanning the 1524-1776 sequence of the In some sections we identified immune cells using a classical histology stain (Wright staining) (10) to demonstrate immune cells. A subset of these cells showed hybridization signal.
Treated sections with

Results
The oligonucleotide directed against the H2 histamine receptor mRNA appeared to label lamina propria cells ( Figure 3A ). This signal was unusually intense.
Oligonucleotides directed against the mRNAs encoding somatostatin ( Figure 1 ) and the proton pump ( Figure 2 ) specifically labeled epithelial cells but not immune cells in the stomach and duodenum. These two experiments suggested that only some but not all probes result in an unusually high labeling intensity. We wanted to see if this intense signal is related to the mRNA in the tissue.
Pre-treatment of tissue sections with RNAse entirely eliminated labeling with this probe (Figure 4) . whereas DNAse treatment had no effect (not shown), suggesting that the signal is in fact related to the presence of RNA. Next we checked if the A-tail itself may have an effect on the intensity of the labeling. Altering the length of the [ 3sS]-poly-dA by terminating the tailing reaction at different times or inclusion of cold poly-A to block nonspecific [ 35S]-poly-dA hybridization had no effect on the labeling of the immune cells.
Finally, addition of free [ %]-dATF' to the hybridization buffer produced a uniform high level of labeling with no specific tissue localization.
The specific labeling of the lamina propria cells by the H2 receptor probe was confirmed with 33P-labeled oligonucleotide, which showed an identical distribution of the H2 receptor mRNA but with considerably decreased signal (Figure 5 ) . Microscopically, there was a larger scatter of developed grains using 33P-labeled probe compared with the 35S-tailed probe, probably due to the higher energy of P-particles from 33P. Using a 3%labeled ribonucleic acid probe to visualize the rat H2 receptor mRNA the lamina propria cells also showed a clear labeling ( Figures 6A and 6B ).
No labeling was seen when adjacent sections were hybridized with the sense strand probe ( Figures 6C and 6D ). All of the above experiments suggested that the signal obtained with the 3sS-labeled H2 receptor probe was specific to mRNA rather than a nonspecific interaction of the [35S]-poly-dA tail or the free thiophosphate with immune cells. However, the disparity in signals between 3% and 33P suggested that the former is somehow amplified. Therefore, we examined the potential chemical interactions of the thiophosphate-containing probes. Inclusion of p-mercaptoethanol in the HB further enhanced the immune cell labeling, indicating the importance of the oxidation state ofthe sulfhydryl groups. Since it is well documented that heavy metals are able to coordinate sulfhydryl groups (11). we next examined the possibility that the cobalt coordination by thiophosphates caused the amplification.
Addition of 2,3-dimercaptopropanol (BAL) (12) . which coordinates heavy metals such as cobalt (stability constant of approximately 1023 compared with 1Olo for SH-cobalt) (11) reduced the intensity of the labeling to that normally seen in other cell types ( Figure 3B ). Altematively, synthesis of the [3JS]-poly-dA-tailed probe using MgC12 rather than CoClz produced a probe of similar radiospecific activity but dramatically reduced the intensity of labeling of lamina propria cells (Figure 7) . 
Discussion
Our present work has been directed towards understanding the exceptionally high in situ hybridization signals found in the lamina propria using 3%labeled oligonucleotides labeled using the terminal transferase reaction. First, we have confirmed that the signal is indeed orders of magnitude greater than that obtained for the same oligonucleotide labeled with 33P. The latter labeling is confirmed as identlfying specific mRNA by all of the established criteria for ISHH, including the application of multiple independent specific probes and failure to label with sense probes. These data con-firm the specific expression of H2 receptor mRNA in the immune cells of the lamina propria of the gut. They also suggest that the high amplitude of signals obtained with %-labeled probes may be due to an amplification of a specific signal rather than arising from nonspecific labeling. We have also shown that such an amplification does not generally occur. In our stomach sections, labeling with probes specific for somatostatin mRNA identified epithelial cells with signals of similar amplitude for both 35S and 33P labeling.
The experiments presented here were designed to test the specificity of the 3% labeling of mRNA in gut immune cells and to identify the basis for its amplification. We excluded more trivial nonspecific artifacts by comparison of RNAse and DNAse treatments of rat stomach sections on the signals obtained with 31Slabeled probes. The signals found with the Hz oligonucleotide probes were entirely eliminated by RNAse but not DNAse treatment. Furthermore, they were not inhibited or diminished by addition ofpoly-dA or replicated by [3?!+thiophosphate dAlT Therefore, we conclude that these signals arise from an interaction with RNA. Since the same immune cells are labeled by 33P probes for the Hz receptor mRNA but with much lower intensity. these signals are likely to be the result of an amplification of specific mRNA hybridization when 35S-labeled oligos are used.
The experiments designed to identlfy candidate mechanisms for such an amplification reaction revealed cobalt, included as a co-factor in the terminal transferase reaction, as a cause of the amplification. The efficiency of adding dNTPs to a single-stranded DNA template by using TdT is greatly enhanced by cobalt chloride (8). To generate probes of comparable radiospecific activity using magnesium chloride, an incubation time of 2 hr instead of 5 min is necessary. When magnesium was substituted for cobalt in the labeling reaction, the signals obtained with 3'S-labeled probes were quite comparable to those from 33P-labeled probes. The autoradiographic signal was visible after 2-3 weeks' exposure under emulsion (Figure 7) .
A similar amplitude of signal also was obtained with the probe using cobalt as a co-factor when 2.3-dimercaptopropanol (BAL.) was included in the hybridization buffer to coordinate free cobalt and reduce cobalt-coordinated sulfhydryl groups (Figure 5) . These results suggest that cobalt coordinates the thiophosphate sulfurs of the 3%labcled probes, causing intermolecular crosslinking. Heavy metals, including cobalt which is used as a cofactor in terminal transferase labeling reactions, and especially those in the transition series, may react with S-containing ligands. The resultant metal complex (a coordination compound) is formed by a coordinate bond, one in which both electrons are contributed by the ligand (11.13) . in this case sulfur. We envision a mechanism whereby oligonucleotide probes specifically interact with mRNA, nucleating further probe-probe cross-linking via cobalt-sulfur coordination. The multiplicity of thiophosphates incorporated in our tailed probes would allow the production of a complex network of crosslinked probe molecules.
At present, several aspects of this mechanism remain untested. Others have noted problems with the labeling of immune cells in peripheral tissues using 35S-labeled probes (2). We speculate that these problems involve the oxidative potential of phagocytic immune cells. Macrophages, neutrophils, and eosinophils contain at least six different types of oxidative enzymes used to kill ingested microbes (14J5). We suggest that oxidation of cobalt may be essential to the cross-linking reaction, since cobalt must be in the + 2 or higher state for multivalent coordination of sulfurs (llJ6). That such coordination complexes have formed in 35S-labeling in lamina propria is suggested by the elimination of the high amplitude signal by BAL. This reagent was designed specifically as a bivalent coordinator of heavy metals (12) . Each sulfur of BAL makes a coordination bond with the same atom of metal. The resulting metal-BAL complex has a stability constant of 1023, which is 13 orders of magnitude more favored that the monovalent coordination of a single sulfur atom (11) . Therefore, BAL will remove heavy metals from bivalent coordination of vicinylthiols in enzymes. This is the basis of its therapeutic action in treatment of heavy metal toxicity (13). We suggest that BAL has similarly removed cobalt from bivalent coordination of the thiophosphates of cross-linked DNA probes.
In summary, we suggest that investigators should be aware of the problem of using 3%-labeled oligonucleotides when working with tissue containing phagocytic cells. In these studies they should either avoid using cobalt in the labeling reaction with terminal uansferase or block complex formation using BAL in the hybridization buffer. Although binding of the probe to mRNA is prerequisite for the complex formation, there may be danger of nonspecific labeling in certain circumstances. For instance, if a probe that imperfectly matches an mRNA still anneals under usual hybridization conditions, this could serve to nucleate probe-probe cross-linking. This would result in a signal that otherwise would not be visualized in other cell types. Therefore, it is critical to establish specific- ity of the signal, including appropriate hybridization and wash conditions. Once we have determined that the signal is specific, it may be advantageous to intentionally ampllfy the signal because of short exposure times and the ease of double labeling (in particular, combination with immunostaining). We are, in fact, presently investigating the feasibility and applicability of such a strategy. 
